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HIGHLIGHTS 


•  We  studied  phase  transformations  of  Ti38V3oCr14Mni8  by  in  situ  neutron  powder  diffraction. 

•  The  structure  change  from  BCC  to  FCC  though  BCT  phase  during  sorption  process. 

•  GSAS  Rietveld  confirmed  the  D2  atoms  occupied  the  octahedral  position  of  BCC  phase. 

•  The  D2  atoms  occupied  the  tetrahedral  position  of  BCT,  FCC  phase. 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  21  December  2012 
Received  in  revised  form 
18  March  2013 
Accepted  23  April  2013 
Available  online  9  May  2013 


Keywords: 

Hydrogen  storage  alloy 
Ti— V— Cr— Mn  alloy 
In  situ  neutron-diffraction 
Phase  transformation 


The  phase  transformations  of  the  Ti38V3oCri4Mni8  alloy  during  hydrogenation  and  dehydrogenation 
using  deuterium  (D2)  were  investigated  using  in  situ  neutron  powder  diffraction  (NPD)  at  various  D2 
pressures  up  to  2  MPa.  Initially,  the  first  hydride  that  formed,  Ti38V3oCri4MnisDi5,  had  the  same  body 
centered  cubic  (BCC)  crystal  structure  as  the  starting  alloy.  Upon  further  hydrogenation,  the  system 
displays  a  distinct  two-phase  mixture  of  the  intermediate  BCC  and  body-centered  tetragonal  (BCT) 
phases,  that  exist  in  a  ration  of  1.38:1.42,  respectively.  At  the  end  of  the  deuterium  absorption,  the  phase 
pure  Ti38V3oCri4Mni8Di83  material  forms,  with  a  face-centered  cubic  (FCC)  structure.  Upon  dehydroge¬ 
nation,  all  hydride  phases  eventually  returned  to  the  initial  alloy  phase  without  any  amorphization  or 
disproportionation.  Using  standard  Rietveld  refinement,  information  on  the  variation  of  the  deuterium 
site  occupancy,  the  lattice  symmetry,  and  the  cell  volume  were  determined  during  these  phase  changes 
and  are  presented. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

BCC  TiV-based  alloys  have  been  shown  to  exhibit  excellent 
effective  hydrogen  storage  capacities  and  a  plateau  pressure  in  the 
pressure-composition  (P-C)  hydrogen  absorption  and  desorption 
isotherm  [1-4].  To  date,  research  into  these  alloys  is  mainly  focused 
on  improving  their  hydrogen  storage  capacities  and  electrode 
characteristics  [5-12].  Hydrogen  absorption  and  desorption  prop¬ 
erties  of  metal  hydrides  are  closely  related  to  their  crystal  structure, 
involving  the  occupation  of  hydrogen  at  interstitial  sites  in  the 
structure.  However,  experimental  studies  concerning  the  location 
of  hydrogen  atoms  in  these  materials  are  relatively  rare  as  a  result 
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of  the  difficulty  of  many  measurement  techniques  in  accurately 
locating  hydrogen  in  the  crystal  structure.  The  deep  penetration 
capability  of  neutrons  into  most  metallic  materials  makes  neutron 
diffraction  a  unique  and  powerful  technique  for  the  investigation  of 
alloy  structure  [13].  Importantly,  hydrogen  site  occupation  can  be 
directly  determined  only  by  neutron  diffraction  [14],  with  in  situ 
neutron  powder  diffraction  an  effective  way  to  investigate 
hydrogen  (i.e.,  deuterium)  occupation  in  various  hydriding  states  of 
a  material. 

Recently,  Denys  et  al.  found  that  the  saturated  La2MgNigDi3 
hydride  contained  a  structure  in  which  H  atoms  favor  occupation  of 
Mg-surrounded  sites  within  the  LaMgNU  slabs,  triangles  [MgN^], 
and  tetrahedra  [LaMgNi2],  using  in  situ  neutron  diffraction,  with  a 
local  hydrogen  ordering  taking  place  with  respect  to  the  hydrogen 
sub-lattice  that  is  built  from  a  stacking  of  the  MgH6  octahedra  and 
NiH4  tetrahedra  [15]. 
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Fig.  1.  Pressure-composition  isotherm  of  Ti38V3oCri4Mni8  at  298  K. 


In  this  paper  we  detail  the  occupation  of  hydrogen  in  the 
Ti38V3oCri4MnisDx  material  during  both  hydrogen  absorption  and 
desorption  using  in  situ  neutron  powder  diffraction,  and  evaluate 
the  material’s  lattice  parameter,  lattice  strain,  and  mass  fraction  of 
the  constituent  phases  during  these  processes  using  Rietveld 
analysis. 

2.  Experimental  procedures 

Ti38V3oCri4Mni8  was  prepared  using  magnetic  levitation 
melting  in  an  argon  atmosphere,  with  the  ingot  being  turned  and 
remelted  four  times  to  ensure  homogeneity  and  to  avoid  oxidation. 
After  remelting,  the  mixture  was  annealed  for  5  h  in  an  argon  at¬ 
mosphere  at  773  I<  and  then  crushed  into  powder  that  sieved 
through  a  100  mesh  sieve.  In  situ  neutron  powder  diffraction  (NPD) 
of  the  Ti3sV3oCri4Mni8  material  was  performed  using  the  High- 
Intensity  Powder  Diffractometer  (WOMBAT)  [16]  at  the  Open  Pool 
Australian  Light-water  (OPAL)  reactor  facility  at  the  Australian 
Nuclear  Science  and  Technology  Organisation  (ANSTO).  A  Ge(113) 
monochromators  reflection  with  a  90°  take-off  angle  was  selected 

o 

to  produce  a  wavelength  of  2.419  A  and  provide  a  compromise 
between  resolution,  d-spacing  range,  and  neutron  flux.  Data  were 
collected  for  10  min  in  the  scattering  angle  range  15  <  2 6  <  135°. 
WOMBAT  features  an  area  detector  covering  120°  in  scattering 
angle  (2(9),  effectively  enabling  diffraction  data  to  be  continuously 
collected  during  hydrogen  charging/discharging.  The  sample  was 
placed  in  a  316  stainless  steel  container  with  a  wall  thickness  of 


0.2  mm  and  an  inner  diameter  of  6  mm,  and  sealed  using  a  VCR  type 
fitting  with  a  stainless  steel  lid  fitted  with  a  stainless  steel  capillary 
with  a  bellows-sealed  VCR  valve.  This  was  connected  (using 
another  VCR  fitting)  to  a  gas  delivery  system  composed  of  a 
stainless  steel  dosing  volume  fitted  with  a  high-accuracy  pressure 
transducer,  which  was  connected  via  two  separate  bellows-sealed 
VCR  valves  to  a  60  bar  99.999%  purity  D2  cylinder  and  a  turbo¬ 
vacuum  device,  with  heating  achieved  using  an  in-house  pro¬ 
duced  furnace  featuring  infra-red  heating  lamps  as  per  previous 
experiments  [17].  The  initial  alloy  sample  was  activated  in  vacuum 
at  573  I<  for  10  min  and  charged  with  deuterium  gas  at  293  I<  until 
pressure  equilibration  was  reached.  Upon  dehydriding,  NPD  data 
were  collected  after  the  pressure  was  slowly  lowered  until  stability 
was  achieved.  As  a  consequence  of  the  lower  desorption  plateau  for 
the  material,  the  materials  was  heated  whilst  under  vacuum  in 
order  to  achieve  complete  hydrogen  desorption.  A  stable  vacuum  of 
approximately  7  x  1CT5  Pa  was  achieved  during  sample  evacuation. 
Data  correction  and  reduction  were  undertaken  using  the  program 
LAMP  [18].  Rietveld  refinements  were  carried  out  using  the  GSAS 
[19]  suite  of  programs  with  the  EXPGUI  [20]  interface. 

3.  Results  and  discussion 

In  the  previous  hydrogen  sorption  isotherms  studies  of  the 
Ti38V3oCri4Mnis-H2  system,  the  results  shown  two  plateaus  at 
pressures  of  approximately  0.01  x  105  Pa  and  0.2  x  105  Pa  at  298  K 
[21].  A  maximum  hydrogen  storage  capacity  of  approximately  2  H/ 
M  was  achieved  on  prepared  sample  material  as  presented  in  Fig.  1. 

Fig.  2  shows  the  evolution  of  the  NPD  profiles  during  hydrogen 
absorption  in  the  Ti3sV3oCri4Mni8  alloy  from  the  empty-  to  fully- 
hydrided  state.  The  stainless  steel  container  contributes  signifi¬ 
cantly  to  the  data,  with  two  large  reflections  clearly  visible  at  72 
and  85°  26.  A  solid  solution  of  hydrogen  in  the  intermetallic  alloy, 
Ti38V3oCri4MnisDx,  starts  to  form  immediately  after  hydrogen  is 
introduced  into  the  sample  cell.  This  leads  to  a  slight  shift  of  re¬ 
flections  associated  with  the  alloy  toward  lower  26  angles,  indi¬ 
cating  a  lattice  expansion.  The  intensity  of  the  200  and  220 
reflections  also  increases  significantly  with  the  introduction  of  D2 
(Fig.  2a).  During  this  process,  a  new  hydride  110  reflection  appears 
at  around  67°  2(9,  the  intensity  of  which  increases  initially  and  then 
decreases,  before  disappearing,  as  D2  gas  is  added  (Fig.  2b).  The  NPD 
data  show  that  the  initial  phase,  BCC  Ti3sV3oCri4Mni8,  gradually 
transforms  into  an  FCC  phase  as  the  deuterium  content  in  the 
sample  increases.  It  is  known  that  Ti-V-Mn  alloys  with  a  BCC 
crystal  structure  will  transform  to  an  FCC  structure  upon  hydro¬ 
genation  [22,23],  and  hence,  the  NPD  data  are  consistent  with 
deuteration  of  the  sample.  The  evolution  of  the  NPD  profiles  during 
dehydriding  show  a  reverse  process  to  the  hydriding  process 


Fig.  2.  (a)  Select  region  of  NPD  data  of  Ti38V3oCr^4Mn^8Dx  during  hydriding,  with  (b)  detailing  the  65 — 71°  26  region. 
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Fig.  3.  (a)  Select  region  of  NPD  data  of  Ti38V3oCr'i4Mni8D;f  during  dehydriding,  with  (b)  detailing  the  65 — 71°  2 6  region. 


Fig.  4.  Rietveld  refinement  plots  using  NPD  data  of  the  Ti-V-Mn  hydride  (a)  Ti38V3oCri4Mni8,  (b)  Ti38V3oCri4Mni8D24,  and  (c)  Ti38V3oCri4Mni8Di83. 


(Fig.  3),  with  the  hydride  peaks  shifting  toward  higher  26  and  200 
and  220  reflection  intensities  decreasing  with  reduced  deuterium 
content  (Fig.  3a).  Similarly,  a  new  hydride  110  reflection  appears, 
before  disappearing  as  the  deuterium  content  further  decreases 
(Fig.  3b).  These  NPD  data  are  therefore  consistent  with  the  process 
of  dehydrogenation  of  Ti-V-Mn  alloys,  where  the  FCC  crystal 
structure  transforms  to  a  BCC  structure  [24]. 


During  Rietveld  refinement,  no  soft  constrain  was  used,  and 
Gaussian  profile  function  was  used  for  the  neutron  diffraction  anal¬ 
ysis.  The  corresponding  Rietveld  refinement  plots  using  NPD  data  of 
the  hydriding  material  are  shown  in  Fig.  4.  Rietveld  refinements 
further  confirm  that  there  are  three  phases  that  form  during  the 
hydriding  process.  The  first  phase  (I)  has  a  BCC  structure  and  forms 
for  deuterium  contents  less  than  0.15  D/M.  The  NPD  data  for  this 


Fig.  5.  Change  of  the  crystal  structure  of  the  metal  lattice  from  the  BCC,  to  the  BCT,  and  then  to  the  FCC  structure  during  hydrogenation. 
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phase  feature  broad  reflections  (Fig.  4a).  The  second  hydride  phase 
(II)  has  a  deformed  BCC  structure,  formally  a  BCT  structure.  Notably,  in 
the  V-H  system,  the  metal  sub  lattice  of  the  monohydride  phase  (3- 
V2H  has  a  BCT  structure  with  c/a  ratio  of  approximately  1.1  [25].  This 
second  phase  is  transitional  in  nature  (Fig.  4b),  with  the  fully- 
hydrided  phase  (III)  adopting  an  FCC  structure  (Fig.  4c). 

Further  studies  were  undertaken  to  establish  the  influence  of 
the  deuterium  content  on  the  phase.  When  the  deuterium  content 
is  less  than  0.15  D/M,  the  Ti38V3oCri4MnisDx  alloy  is  phase  pure  BCC 
structure  as  per  the  pristine  undeuterated  material.  The  lattice 
constant  for  this  material  is  0.3044(6)  nm  with  error  as  shown  in 
the  parenthesis.  During  deuteration,  the  alloy  structure  changes  by 
expansion  along  the  unit  cell  c  direction.  When  the  deuterium 
content  reached  0.24  D/M,  two  phases  formed  in  the  structure,  with 
deuterium  atoms  occupying  in  the  interstitial  octahedral  sites  of 
the  BCC  structure  (I)  and  tetrahedral  sites  of  the  BCT  structure  (II). 
These  two  phases  coexist  in  a  ratio  of  1.38:  1.42,  respectively.  In  the 
hydride  (I),  a  relatively  small  lattice  expansion  is  observed  relative 
to  the  pristine  material,  with  the  lattice  constant  and  statistical 
errors  in  the  parenthesis  being  0.3138(3)  nm.  In  the  hydride  (II)  the 
lattice  constants  are  a  =  b  =  0.3138(3)  nm,  and  c  =  0.4293(5)  nm. 
Hydrate  (I)  has  deuterium  atoms  at  the  (0,  0.5,  0.5)  octahedral  site 
with  an  occupancy  of  ~  0.05.  In  hydride  (II),  deuterium  atoms  at  the 
(0.25,  0.25,  0.25)  tetrahedral  site  have  an  occupancy  of  ~0.27.  This 
result  indicates  that  deuterium  atoms  first  enter  into  the  octahedral 
sites  of  the  BCC  alloy  structure  in  hydrogen  absorption  process, 
where  the  material  expands  along  the  c  axis  of  the  unit  cell  as  the 
deuterium  content  increases.  Consequently,  deuterium  atoms 
finally  occupy  both  octahedral  sites  within  the  BCC  structure  and 
tetrahedral  sites  of  the  BCT  structure  that  forms  as  a  second  phase. 
A  final  hydrogen  content  of  1.83  D/M  is  reached,  slightly  higher 
than  that  obtained  from  the  pressure-composition  isotherm,  most 
likely  as  a  result  of  the  lower  pressure  achieved  in  the  NPD 
experiment.  The  fully-hydrogenated  alloy  in  the  NPD  experiment 
can  be  ascribed  the  general  formula  T^sN^oCr^MnigD^,  which  is 
a  single  phase  FCC  structure,  hydrate  (III).  In  hydrate  (III)  deuterium 
atoms  are  located  at  tetrahedral  sites  (0.25,  0.25,  0.25)  with  an 
occupancy  of  ~  0.915  and  a  lattice  constant  0.433  nm  with  final 
refined  Rwp  error  <  3.556%. 

The  NPD  study  reveals  phase  transitions  in  the  hydrogen  ab¬ 
sorption  process  of  the  T^N^oCr^Mnis  alloy  as  shown  in  Fig.  5.  As 
the  hydrogen  content  increases,  the  structure  of  the  alloy  changes 
from  BCC  to  an  FCC  phase  via  an  intermediate  BCT  phase. 

4.  Conclusion 

In  conclusion,  T^sN^oCr^Mnis  has  an  excellent  hydrogen  storage 
capacity  amongst  the  characterized  representatives  of  the  hybrid 


Ti-V-Mn  compounds,  which  are  used  in  nickel- metal  hydride 
batteries.  Neutron  diffraction  studies  of  the  Ti3sV3oCri4Mni8  alloy 
during  hydrogenation  reveal  that  the  alloy  structure  completely 
transforms  from  the  initial  BCC  structure  to  the  FCC  structure  via  an 
intermediate  BCT  phase,  and  that  this  process  is  completely 
reversible  upon  dehydrogenation.  Rietveld  structural  analyses 
confirm  that  the  deuterium  atoms  are  located  at  octahedral  sites  of 
the  BCC  phase  and  at  tetrahedral  sites  of  the  BCT  and  FCC  phases. 
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